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ABSTRACT We report the successful application of multiwall carbon nanotubes (CNTs) as electrocatalysts for triiodide reduction in
a dye-sensitized solar cell (DSSC). Defect-rich edge planes of bamboolike-structure multiwall CNTs facilitate the electron-transfer kinetics
at the counter electrode—electrolyte interface, resulting in low charge-transfer resistance and an improved fill factor. In combination
with a dye-sensitized TiO, photoanode and an organic liquid electrolyte, a multiwall CNT counter-electrode DSSC shows 7.7 % energy
conversion efficiency under 1 sun illumination (100 mW/cm?, air mass 1.5 G). The short-term stability test at moderate conditions

confirms the robustness of CNT counter-electrode DSSCs.

KEYWORDS: carbon nanotube ® charge-transfer resistance ® dye-sensitized solar cell ® counter electrode ® efficiency

1. INTRODUCTION
ye-sensitized solar cells (DSSCs) have been inten-

sively studied as prospective alternative to conven-
tional solar cells, largely because of its simple
fabrication process, high energy conversion efficiency, and
low-cost materials (1, 2). Unlike inorganic p—n junction solar
cells, in DSSCs light absorption and charge carrier transport
take place in different phases. A porous network of nanosize
TiO, particles serves as a charge-transport medium on which
a monolayer of dye molecules is chemically adsorbed. Upon
illumination, electrons are injected from the photoexcited
dye into the conduction band of TiO,, while holes shuttle
toward the counter electrode through a iodide/triiodide
(I"/157) redox electrolyte. After this process is performed, the
electron reaches the counter electrode and reduces the I5~
ion and the electrical circuit is completed (3). The counter
electrode is generally prepared by depositing a thin layer of
platinum catalyst on a fluorine-doped tin oxide (FTO) con-
ducting glass substrate followed by heat treatment at 400
°C (4). Although the required platinum loading for optimum
performance of the solar cell is small, the dissolution of the
platinum film in the corrosive electrolyte and high-temper-
ature heat treatment necessitate the development of stable
and cost-effective counter-electrode materials (5—7). The
latter property also restricts the choice of flexible substrates.
In this respect, different forms of carbon material have been
studied as a cost-effective and stable catalyst for I5~ reduc-
tion reaction in DSSCs (8—12).
Carbon nanotubes (CNTs) are unique nanoscale objects
with the combined advantages of large surface area, high
electrical conductivity, and chemical stability. CNTs can be
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FIGURE 1. Schematic of a multiwall CNT counter-electrode DSSC.
The device is illuminated from the TiO, photoanode side.

classified into two main categories: single-wall CNTs and
multiwall CNTs. A single-wall CNT consists of a single rolled-
up graphene sheet, whereas a multiwall CNT consists of
several coaxially arranged graphene sheets. Multiwall CNTs
are often produced in a hollow structure, where the graphene
sheet is parallel with the tube axis, or bamboolike structure,
where graphene sheets are formed at an angle to the tube
axis (13). Because the edge planes of the graphene exhibit
faster electron-transfer kinetics than the basal planes, single-
wall and hollow-structure multiwall CNTs (which are made
up of nearly perfect atomically smooth basal planes) may
not be suitable for favorable electrocatalytic applications
(14, 15). In this letter, we report the successful application
of bamboolike-structure multiwall CNT counter electrodes
for Is~ reduction in DSSCs. Defect-rich edge planes of bam-
boolike-structure CNTs facilitate the electron-transfer kinet-
ics, and therefore the device (Figure 1) shows an energy
conversion efficiency comparable to that of conventional
platinum counter-electrode DSSCs.

2. EXPERIMENTAL SECTION

Preparation of CNT Electrodes. CNT electrodes were pre-
pared using a paste that contains multiwall CNTs, an organic
binder, and distilled water. In brief, 0.16 g of (carboxymethyl)-
cellulose (CMC) sodium salt (Sigma Aldrich, viscosity 400—800
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FIGURE 2. Nyquist plot of a thin-layer symmetric cell and its
corresponding equivalent circuit. The triangle shows the perfor-
mance of multiwall CNT electrodes, whereas the square represents
the screen-printed platinum electrodes.

cP) was dissolved in 19.84 mL of distilled water (Samchun Pure
Chemical Co., Kyungki-do, Korea). A total of 2.25 g of multiwall
CNTs (Carbon Nanotech Inc., Korea; ~20 nm diameter, 5 um
length) was then added to the binder solution and ball-milled
for 1 hat 100 rpm. The resulting homogeneous CNT slurry was
tape-cast onto a previously cleaned FTO glass substrate (Hart-
ford Glass Co., Newington, CT; sheet resistance 15 Q/0) fol-
lowed by drying at 50 °C for 10 h in air. For a good comparison
with multiwall CNT electrodes, conventional platinum elec-
trodes were also prepared by depositing a commercially avail-
able platinum paste (Solaronix, platinum catalyst T/SP) on a FTO
glass substrate, which was subsequently heat treated at 400 °C
for 30 min in air. A thin-layer symmetric cell was fabricated by

stacking two identical multiwall CNT or platinum electrodes on
each other with a 80-um-thick Surlyn polymer foil spacer and
sealed in a hot press. The interelectrode space was filled with a
liquid electrolyte consisting of Lil (0.5 mol/L), I, (0.05 mol/L),
and 4-tert-butylpyridine (0.5 mol/L) in acetonitrile.

Solar Cell Fabrication. The working electrode for DSSC was
prepared by depositing the TiO, paste (Solaronix, titanium
nanoxide HT/SP) on an FTO glass substrate (Hartford Glass Co.,
Newington, CT; sheet resistance 15 Q/00) and sintered at 500
°C for 1 h. After cooling to 80 °C, sintered electrodes were
immersed in a 0.3 mM solution of cis-bis(isothiocyanato)bis(2,2’-
bipyridyl-4,4’-dicarboxylato)ruthenium(ll) bis(tetrabutylammo-
nium) dye (Solaronix, N719) in ethanol for 24 h. Sensitized TiO,
electrodes were rinsed with anhydrous ethanol, dried in nitro-
gen gas, and assembled with CNT or platinum counter elec-
trodes. An organic liquid electrolyte with a composition of Lil
(0.5 mol/L), I (0.05 mol/L), and 4-tert-butylpyridine (0.5 mol/
L) in acetonitrile was introduced into the cell via vacuum
backfilling through an injection hole on the counter-electrode
side. Finally, the electrolyte injection hole was sealed with
Surlyn and a microscope cover glass.

Electrochemical and Photovoltaic Characterization. Elec-
trochemical impedance spectroscopy measurements were car-
ried out with a computer-controlled potentiostat (Princeton
Applied Research, Parstat 2273) in the frequency range of 0.1
Hz to 100 kHz. The magnitude of the alternative signal was set
to 10 mV. Current—voltage characteristics of the DSSCs were
performed both in the dark and at a range of air mass 1.5 G
illumination intensity using an Oriel (model 91160) solar simu-
lator and a Keithley 2400 source meter. The intensity of incident
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FIGURE 3. Microstructural characterization of multiwall CNTs: (a) FE-SEM image of a multiwall CNT/CMC composite film on a fluorine-doped
SnO,-conducting glass substrate. Inset: enlarged view of the marked portion. (b) TEM image of the bamboolike structure in multiwall CNTs
used in this study. (c) Schematic of the bamboolike-structure multiwall CNT. (d) Raman spectrum of multiwall CNTs, using a 514-nm (argon-

ion) wavelength laser probe.
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FIGURE 4. Current—voltage characteristics of DSSC with multiwall
CNT (solid line) and platinum (dashed line) counter electrodes. Curve
a shows the performance of devices in the dark. Curves b—d were
measured under 0.1, 0.5, and 1 sun illumination (air mass 1.5 G),
respectively.

light was calibrated by an NREL-certified silicon reference cell
equipped with a KG-5 filter (16).

3. RESULTS AND DISCUSSION
The catalytic performance of CNT electrodes was evalu-

ated by measuring the charge-transfer resistance (Rer) in a
thin-layer symmetric cell configuration. Figure 2 shows the
Nyquist plots of multiwall CNT or platinum electrodes in a
thin-layer symmetric cell configuration. The Rcr of a single
electrode can be taken as half the value of the real compo-
nent of impedance at a high-frequency side semicircle
(4, 17). When the plots were fitted with the equivalent circuit
(inset in Figure 2), Rer of multiwall CNT electrode was found
to be 0.82 Q-cm? Under similar conditions, the screen-
printed platinum electrode shows the corresponding value
of 1.8 Q-cm?. The origin of such a high electrocatalytic
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property in multiwall CNT electrodes is still a subject of
debate. For example, a few reports claimed that a large
surface area and defect-rich edge planes can enhance the
electron-transfer kinetics (18, 19), while other credited this
to the residual catalyst particles (20). If the latter is the case,
prolonged exposure of multiwall CNTs in a highly corrosive
[7/15~ electrolyte leads to the metal particles becoming
dissolved; as a consequence, Rcr will increase. However,
during the temporal evaluation, Rcr of the CNT electrode
remains constant (see Figure S1 in the Supporting Informa-
tion).

A low-magnification field-emission scanning electron
microscopy (FE-SEM) image (Figure 3a) shows the formation
of multiwall CNT aggregates with different size distribution
on an FTO glass substrate. This was attributed to the high
CNT concentration (10 wt %) and poor dispersion in the
polymer-dissolved aqueous solution. The CNT aggregates
mainly consist of a randomly oriented mesoporous nano-
tube network (see inset in Figure 3a). Because the dimen-
sions of I5~ ions in acetonitrile are only 3 A in width and 6 A
in length, they can diffuse through the pores, be adsorbed
onto the active site, and become reduced (21). As shown in
Figure 3b, a transmission electron microscopy (TEM) image
confirms the bamboolike structure of multiwall CNTs used
in this study. The large number of transverse walls with
periodically closed compartments results in edge planes at
regular intervals along the tube surface. The high density of
the defect-rich edge planes with an improved electrode—
electrolyte interface might be responsible for the observed
low Rer in multiwall CNT electrodes (22). The Raman spectra
(Figure 3d) further indicate the presence of defect-rich edge
planes in bamboolike-structure multiwall CNTs. The disorder-
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FIGURE 5. Variation if the current—voltage parameters of multiwall CNT counter-electrode DSSCs. The devices were aged in the dark at room
temperature, and current—voltage measurements were carried out under 1 sun illumination (100 mW/cm?, air mass 1.5 G) at regular intervals.
(a) Open-circuit voltage, Voc. (b) Short-circuit current density, Jsc. (c) Fill factor, FF. (d) Energy conversion efficiency, 7.

www.acsami.org

VOL. 1 e NO. 6 ¢ 1145-1149 « 2009

IENAPPLIED MATERIALS

XINTERFACES

1147




Table 1. Current—Voltage Parameters of DSSC with
Multiwall CNT and Platinum Counter Electrodes
under Simulated Solar Illumination®

counter light intensity Voc Jsc
electrode (mW/cm?) V) (mA/cm?) FE 75 (%)
multiwall CNT 1 0.660 1.50 0.75 6.75
54 0.720 8.41 0.71 7.96
100 0.740 16.20 0.64 7.67
platinum 11 0.640 1.52 0.74 6.54
54 0.710 8.60 0.71 8.03
100 0.730 16.50 0.65 7.83

¢ All values are averages of three samples. The active area of the
device was 0.36 cm?.

induced D bands, which originated from defects or the finite
size of the nanotubes, and the tangential G mode ascribed
to the graphene structure were observed at 1350 and 1582
cm™!, respectively. Because there are no distinguished
carbon nanoparticles observed in the FE-SEM and TEM
images, it is reasonable to attribute the higher intensity of
the D band to defect-rich edge planes. The high value of the
Raman ratio (Ip/Is = 0.9825) also confirms the low graphi-
tization degree of bamboolike-structure multiwall CNTs (23).

Figure 4 shows the current—voltage performance of
multiwall CNT counter electrode DSSCs in the dark and at
different levels of simulated solar illumination. Under 1 sun
illumination (100 mW/cm?, air mass 1.5 G), the open-circuit
voltage (Voo), short-circuit current density (/sc), and fill factor
(FF) of multiwall CNT counter-electrode DSSCs were 0.740
V, 16.2 mA/cm?, and 0.64, respectively, yielding an energy
conversion efficiency (i) of 7.67%. The corresponding
values (Voc, Jsc, FF, and i) of the platinum counter-electrode
device were 0.730 V, 16.5 mA/cm?, 0.65, and 7.83 %,
respectively. Despite the high Vo, the multiwall CNT counter-
electrode device shows a low #, owing to the small decrease
in both Jsc and FF. The quasi-transparent platinum counter
electrode, consisting of activated platinum nanoclusters on
an FTO glass substrate, slightly reflects the unabsorbed
portion of incident solar light toward the TiO, photoanode.
However, this effect is completely obstructed in the opaque
multiwall CNT counter electrode and hence has a relatively
low Jsc. In addition, the mesoporous structure of the multi-
wall CNT film increased the diffusion impedance of redox
species (represented by the low-frequency side of the semi-
circle in the Nyquist plot), which results in a large internal
series resistance and low FF (24).

The major concern for the application of multiwall CNT
counter electrodes in DSSC is long-term stability. During
prolonged exposure in a corrosive electrolyte, weakly ad-
hered multiwall CNTs may detach from the FTO glass
substrate and get deposited on the TiO, photoanode side,
promoting the dark current. Figure 5 shows the variation in
the current—voltage parameters of sealed devices aged in
the dark at room temperature. During the test, both Voc and
FF slightly increased as compared to fresh cells and then
stabilized. In contrast, Jsc continuously decreased with time.
The drop in Jsc was partially compensated for by enhance-
ment of both V¢ and FF, and therefore the device almost
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maintains its initial day performance. The electrochemical
impedance spectroscopy measurement, carried out under
1 sun illumination at open-circuit conditions, provides fur-
ther insight into variation of the current—voltage parameters.
The positive shift of the high-frequency peak reveals that the
increase in FF arises from an accelerated electron-transfer
process at a multiwall CNT counter electrode (see Figure S2
in the Supporting Information). Upon aging, the intermedi-
ate-frequency peak shifted to the low-frequency side, sug-
gesting an increased electron lifetime in the TiO, conduction
band. This observation is consistent with a decrease in the
dark current (see Figure S3 in the Supporting Information)
and explains the gradual increase in Voc (25, 26).

4. CONCLUSIONS

In conclusion, we have shown that multiwall CNTs can
be used as efficient electrocatalysts for triiodide reduction
in DSSCs. A large number of defect-rich edge planes in
bamboolike-structure multiwall CNTs ensure low charge-
transfer resistance, and therefore the devices show FF and
1 values comparable to those of conventional platinum
counter-electrode DSSCs. While these initial results are based
on FTO glass substrates, we believe such a high performance
can be reproduced in FTO-free CNT counter-electrodes for
cost-effective volume production of DSSCs.
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istics of fresh and aged CNT counter-electrode DSSCs. This
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